Introduction
Aromatic polyimide polymers are being de- veloped and used in increasing amounts because of the thermal stability and resistance to fire inherent in the imide structure. (1) The common method of polyimide synthesis requires the dehydration of an amide acid formed from a diamine and an anhydride (2, 3) . An alternate approach to polyimide synthesis is reacting isocyanates with anhydrides to form imides and carbon dioxide. (4, 5) The first report of an aromatic imide (N-phenylphthalimide) was recorded by Dains (6) as the reaction product of phthalic anhydride (PA) and phenyl isothiocyanate. Hurd and Prapas (7) prepared the same product from the reaction of phenyl isocyanate and phthalic anhydride. Using similar techniques, Meyers (8) synthesized polyimide polymers from the reaction of pyromellitic dianhydride (PMDA) with diphenylmethane diisocyanate (MDI) and suggested that the mechanism of the reaction involved a seven-membered ring.
Our approach to producing a polyurethane/ imide modified foam was to first react a polyaryl polyisocyanate (PAPI) with 3,3~,4,4~-benzoplrenonetetracarboxylic dianhydride (BTDA) to form an isocyanate-terminated prepolymer. This prepolymer was then compounded with a polyol, a blowing agent, a catalyst, and a cell stabilizer, and the resulting foam was molded into test specimens. The processes for preparing both theprepolymer and the foam is given in this paper. Also included are some compressive strength and thermal stability data for foam systems containing various percentages of BTDA.
Experimental Prepolymer Preparation
The apparatus used to prepare the isocyanate prepolymers consisted of a 4-liter resin reaction flask fitted with a Barret distilling receiver, a stirrer, a water-cooled condenser, a thermocouple, and a dry nitrogen inlet. PAPI was added to the reaction flask. The isocyanate was then heated to 149°C by a heating mantle. When the temperature of the isocyanate had stabilized, the dried BTDA was slowly added to the PAPI. After all of the anhydride had been added, the temperature of the reaction mixture was raised to 204°C and held there for a period of 12 hours. The material was then allowed to cool slowly. After the material had cooled to 52°C, it was placed in a glass jar. The jar was purged with dry nitrogen and sealed. Table 1 lists the amine equivalents and viscosities of the various prepolymers made from PAPI and BTDA.
Foam Block Preparation
All foam blocks were prepared by mixing the polyol resin mixture and the isocyanate prepolymer together for approximately 2 minutes using a 2-inch Conn-type impeller fitted to a high-speed air-driven stirrer. Quantities of material adequate for the desired density were weighed into a 6by 6by 1-inch (152-by 152-by 25-mm) metal mold. Foam rise was in the 6-inch direction. Table 2 gives the basic formulation for the foams made from various prepolymers listed in Table 1 .
The mold preheat temperatures ranged from 49 to 52°C. The foam blocks were cured using a stepwise cycle: 163°C for 8 hours, 204°C for 2 hours, and 260°C for 2 hours. The softening points of all samples were determined using a duPont Model 940 Thermomechanical Analyzer. This apparatus uses a quartz probe coupled to a movable core differential transformer to sense displacement changes as small as 100 microinches (2.5 pm). An expansion probe with a small, flat, 0.025-inch-diameter (0.635 mm) tip was used at a loading of 5 grams to obtain the softening points. The samples were 0.161-inch sections of the foam blocks. The temperature range was from 25 to 500°C at a heating rate of 10°C per minute.
Isothermal Heat Aging
Foam blocks 1.129 inches in diameter and 1 inch thick were placed in aluminum pans and weighed to the nearest 0.1 mg. The samples were then maintained at 175°C in an air atmosphere for approximately 50 days and the weight of each sample was recorded at various time intervals.
Discussion and Results
Several methods have been postulated to describe the mechanism by which the imide is formed from the reaction between the isocyanate and an anhydride. These range from a proposed seven-membered ring which eliminates C02 to form the imide to the use of water or mercuric catalyst to enhance the reaction (1, 8, 9) . Since we used no catalyst but did observe the evolution of a gas during the reaction, it is reasonable to assume the reaction proceeded as described by Meyers and as shown in Figure 1 . There is also the possibility that trimerization of the isocyanate could occur because of the relatively high reaction temperature and the lengthy reaction time necessary to complete the imide formation. A possible mechanism by which this type of reaction could occur is shown in Figure 2 . To assess the possible trimer influence on the physical and thermal properties of the foam, a system based on PAPI which was exposed to similar prepolymer reaction conditions was included for comparative purposes.
To determine the influence of imide formation on the foam compressive strength as a function of reaction time, a series of prepolymers was prepared containing 5 percent BTDA and using reaction times of 2, 4, 8, and 12 hours. The results given in Table 3 show that as the reaction time of the prepolymer was increased, the compressive strength of the resulting foam increased. This indicates that longer reaction times generate more imide groups in the polymer chain and, thereby, improve the thermal stability of the foams. Similar results were obtained using anhydride concentrations of 7.5 and 10 percent in the prepolymer. On this basis, it was concluded a reaction time of 12 hours for prepolymer preparation would be used for this investigation. Table 4 shows the compressive strengths of foam samples containing 5, 7.5, and 10 percent BTDA in the prepolymer, heat-treated PAPI, and a conventional PAPI based system (10) . The results show that foam samples containing 5 percent BTDA in the prepolymer had the highest compressive strength retention at 204 and 260° C. Apparently, the reaction between the isocyanate and the anhydride groups went further toward completion in the samples containing 5 percent BTDA in the prepolymer than in the others.
To substantiate these results, several thermal characteristics of the various foam systems were determined. The tests included thermogravimetric analysis (TGA), differential scanning calorimeter analysis (DSC) and thermomechanical analysis (TMA) on the cured foam. These data are listed in Table 5 . Here again the foam system containing 5 percent BTDA in the prepolymer appears to have slightly better thermal stability than the other foams tested.
An isothermal heat aging test was used as another measure of thermal stability. The foam samples usea for this part of the study were placed in a forced-air laboratory oven and heated at 175°C for approximately 50 days. The sample weights were recorded periodically. The data were derived from an average of two samples. Table 6 summarizes the results of the heat aging tests. These results agree well with the TGA, DSC, TMA, and compressive strength results; the foams containing 5 percent BTDA in the prepolymer showed better thermal stability than the other materials investigated.
Conclusions
A rationale of why the foam system containing 5 percent BTDA in the prepolymer has, in general, better thermal properties than the other foams investigated can only be speculative at present. Perhaps the large ratio of anhydride groups to isocyanate groups allowed the formation of imide linkages, or, in the cases of the foams having 7.5 and 10 percent BTDA in the prepolymers, perhaps the reaction conditions did not provide adequate time or temperature for the imide reaction to occur. Our investigation did, however, demonstrate that the foam system based on the prepolymer containing 5 percent BTDA, when cured using a programmed schedule up to 260°C, could be used satisfactorily at a service temperature of 200°C. In addition, the foam system can be processed in a conventional manner and can be used in the manufacture of precise mold-to-size parts. 
